Introduction
Although expression of the highly pathogenic (HP) phenotype among avian influenza viruses has been linked to multiple genes (Rottet al., 1976; Scholtissek et al., 1977) , structural changes in the haemagglutinin (HA) molecule are a prime determinant of an isolates' pathogenicity (Kawaoka & Webster, 1988) . The influenza virus HA protein, which is responsible for binding of the virus to cell surface sialic acid receptors Weis et at., I988) and fusion to cell membranes (Skehel et al., 1982; Wiley & Skehel 1987) , does not become functional until activated by proteolytic Author for correspondence: Michael L. Perdue.
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The nucleotide sequences for the HA 1 subunits have been submitted to the GenBank database and assigned the accession numbers U371 65 to U371 82, denoting the sequence of the earliest to latest isolate, respectively (see Table 1 ).
cleavage to produce infectious virus (Webster & Rott, I987) . In naturally occurring HP avian influenza viruses, increased pathogenicity is primarily correlated with an increase in the number of basic amino acids near the proteolytic cleavage site preceding the fusion peptide (Bosch et aI., 1981; Kawaoka et al., 1987; De et al., 1988; Klenk & Rott, 1988; Philpott et al., 1990; Wood et al., 1993 Wood et al., , 1994 .
Non-highly pathogenic (nHP) viruses of the H5N2 subtype with a common sequence surrounding the proteolytic cleavage site were isolated during I993 from chickens in Pennsylvania, New York and Florida, USA (Saito et al., 1994) and from emus in Texas, USA Perdue et aI., 1996) . Utilizing a laboratory procedure for selection of HP variants (Brugh & Beck, 1993) , Horimoto & Kawaoka (1995) obtained HP variants from these 1993 isolates where virulence was attributed to loss of a glycosylation site at Asp-11. Perdue et al. (1996) , utilizing a similar selection procedure, obtained a HP emu variant, A/emu/Texas/39924/931B (H5N2), whose virulence acquisition was correlated with an arginine-lysine insertion upstream from the cleavage site. Partial sequence analyses demonstrated the same cleavage site sequence was present in 1994 and 1995 HP chicken influenza virus isolates from Mexico (Garcfa et al., 1995 ; Senne et al., 1995 ; .
Similar to the present Mexican outbreak, a previous outbreak of HP avian influenza virus in Pennsylvania, USA, during 1983 was preceded by circulation of a non-pathogenic H5N2 strain (Eckroade et al., 1987) . Extensive research on two prototype isolates taken during the course of the outbreak (Kawaoka & Webster, 1985) suggested that loss of a glycosylation site at Asn-ll was the primary structural feature of the HA associated with the virulence shift (Deshpande et al., 1987) . However, complete HA sequences for only two viruses isolated during the 1983 outbreak were reported (Kawaoka et al., 1984) . In this report, 18 isolates from six Mexican states were analysed to characterize the molecular changes occurring in the HA 1 subunit during a major outbreak of avian influenza virus in poultry.
Methods
• Virus origins, propagation and RNA extraction. The viruses used in this study were obtained during late 1993 to early 1995 in an outbreak of avian influenza virus in central Mexico. A list of the virus isolates with the states of origin and isolation dates are presented in Table  1 . Viruses were propagated in the allantoic cavity of I0-day-old chicken embryos as previously described (Perdue et al., 1990) . Virus RNA was extracted from allantoic fluid by the acid guanidinium thiocyanate-phenol--chloroform method (Chomzcynski & Sacchi, 1987) .
• Design of RT-PCR and sequencing primers. Primers were either termini-specific (ter) or were assigned names containing the number of the amino acid codon [based on the positive-sense A/Ck/ Scot/59 HA-coding sequence (De et al., 1988) , excluding the signal peptide] where priming began. The codon number is then followed by a plus or minus depending on whether the primer is message-sense ( + ) or genome-sense (-). The RNA was amplified using the primer set HSHAlter (+)/346(--). The HA 1 coding sequence was obtained from multiple sequencing runs on both strands using 10 primers: HSHAlter(+), HSHAII3(+), H5HA~120(--), HSHAlI31(+), H5HA1217 (-), H5HA~278(+), HSHA1271 (-), H5HA1289(+), HSHA1292( + ) and H5HA2344( --). Primer sequences are available upon request.
• RT-PCR and sequencing reactions. RT-PCR was performed in a single tube (Lewis et al., 1992 ) using a DNA Thermal Cycler (Perkin Elmer). The RT reaction was conducted at 42 °C for I h using Superscript (Life Technologies), followed by denaturation at 99 °C for 20 min. The PCR was conducted using AmpliTaq polymerase (Perkin Elmer). Initially, the cDNA was denatured at 92 °C for 3 min. Subsequently, reactions were performed for 35 cycles of denaturation at 94 °C for 1 min, annealing at 50 °C for 1 min and extension at 72 °C for 2"5 min with an increase of 5 s per extension cycle. The RT-PCR products were purified by passing through a Microcon micro concentrator (Amicon). DNA concentration was adjusted to 30 ng/gl and sequencing reactions were performed using the PRISM Ready Reaction DyeDeoxy Terminator Cyde Sequencing Kit (Perkin Elmer) in a 9600 Thermoc37cler for 25 cycles of denaturation at 96 °C for I0 s (with a presequencing soak at 92 °C for 3 min), annealing at 55 °C for 5 s and extension at 60 °C for 4 rain. The cycle sequencing reaction was loaded onto a 373A DNA automated sequencer (Perkin Elmer/Applied Biosystems) for nucleotide sequencing (Smith et aI., 1986) .
• Sequence data analysis. Nucleotide sequences, prediction of amino acid sequences and alignments were completed using the (Swofford, 1989) . Phylogenetic analysis of the HA 1 nucleotide sequences was performed using MEGA software (Kumar ef aL, 1993) .
Computer prediction of RNA secondary structures for both the complete coding sequences and the region surrounding the proteolytic cleavage site of the HA gene was performed with the Zuker algorithm (Zuker et al., 1991) available through the GCG and in MacDNASIS (Hitachi Software).
• Proteolytic cleavage assay. Primary chicken embryo fibroblast (CEF) cell cultures were prepared from 10-day-old embryos as previously described (Perdue et al., 1989) and inoculated with infected allantoic fluid. Virus was radiolabelled with [35S]methionine for 16 h during infection of fibroblast cultures with no trypsin added, as previously described (Perdue, 1992) . Aliquots of released virus were either untreated or treated at 37 °C for 30 min with 0"1 ~g/ml trypsin. Samples were disrupted in non-ionic detergent with sodium deoxycholate, reacted with H5-specific monoclonal antibodies (provided by V. Hinshaw, University of Wisconsin), incubated with Protein A-agarose and electrophoresed in SDSpolyacrylamide gels as previously described (Brugh & Perdue, I991) .
Results

Proteolytic cleavage assays of selected isolates during replication in cell culture
The isolates used in this study (Table 1) had been pathotyped using established procedures (Pearson et al., 1993) by Mexican investigators and/or the National Veterinary Services Laboratory (NVSL; Ames, Iowa, USA), prior to arrival at Southeast Poultry Research Laboratories (J. Pearson, personal communication) . performed further pathotyping assays on selected isolates, including the two representative HP isolates P l l / 9 4 B and Q I / 9 5 (Table 1) .
Proteolytic cleavage assays on some of the isolates, including the representative HP samples, were employed to evaluate cleavage profiles in CEF cells. It was demonstrated that the HA precursor (HA0) of isolates P l l / 9 4 A , P l l / 9 4 B and Q1/95 was readily cleaved to produce HA 1 and HA 2 subunits during replication in CEF without trypsin ( 
Nucleotide and amino acid sequence analysis
The HA~ protein gene sequence plus the N-terminal six amino acids of the fusion sequence for 18 Mexican isolates were determined. Repeated sequence analyses with different preparations of the same isolate demonstrated that substitutions were not introduced by the procedure used, but were due to variation among the isolates. Nucleotide substitutions i i iiiii iiiiiii i iiiii !i i ii i i iiiiiiiiiiiiiiiiiiiiiiiiiiiiiii iM in the HA 1 subunit were not confined to a specific region. Changes were distributed throughout the HA 1 sequence, as demonstrated by the similarity plot of all 18 isolates (Fig. 2a) . The predicted amino acid sequences for these isolates were aligned and presented with a consensus sequence (Fig. 2 b) . The HA 1 coding sequence of 12 of the nHP isolates was composed of 972 nucleotides encoding a predicted polypeptide of 324 amino acids. In contrast, isolate Jd/94B had a coding sequence of 969 nucleotides which specifies a predicted polypeptide of 323 amino acids with a lysine deletion at amino acid position 259 (Fig. 2b ). Five HP isolates had a HA 1 coding sequence of 978 nucleotides, encoding a predicted HA 1 subunit of 326 amino acids (Fig. 2 b) . Pairwise distances between nucleotide and predicted amino acid sequences of the HA 1 subunits are presented in Table 2 . None of the 18 amino acid or nucleotide sequences were identical among the isolates examined. The percentage nucleotide and amino acid distances among all HA 1 sequences ranged from 0"4% to 6"2 % and 0"6% to 10"5 %, respectively, excluding sequence gaps.
Phylogenetic analyses
Phylogenetic analyses by neighbour-joining and bootstrap resarnpling methods were performed on the isolates and included the HA 1 and fusion sequences (996-1002 bases). An unroofed phylogenetic tree was obtained and the relationships among all the isolates examined are illustrated in Fig. 3 . On the basis of the derived topology, the virus isolates were classified into two distinct lineages. The rate of fixation of mutations in RNA-based systems has been defined as the number of mutations per unit time which become dominant among replicating genomes (Domingo & Holland, I988) . When the earliest isolate (M10/93) was compared with each presumed consecutive Jalisco lineage isolate, a non-cumulative pattern of fixation of mutations was observed. The calculated rate of fixation of mutations for the separate isolates ranged from 10"7-20"7 x 10 -3 substitutions per nucleotide site per year.
Glycosylation sites and amino acid substitutions in the HA t subunit
Six potential glycosylation sites, labelled 1-6 in Fig. 2 (b) were identified. Potential sites 1, 3, 4 and 5 were conserved among all isolates, whereas sites 2 and 6 were not. Isolates J4/94, H5/94 and M5/94 lacked potential glycosylation site 2. Isolate J4/94 had an Asn ~ Lys substitution at amino acid position 11 and isolates H5/94 and M5/94 had a Thr ~ Arg substitution at amino acid position 13, resulting in the lack of the second potential glycosylation signal. The HA 1 of the Puebla lineage viruses lacked potential gIycosyIation site number 6, due to an Ser ~ Arg substitution at position 288.
Amino acids important in maintaining the structural features of the HA protein, such as nine cysteines and 19 glycines, were perfectly conserved among all isolates. Sixteen prolines were conserved among 13 of the Jalisco lineage isolates, whereas for the Puebla lineage isolates and isolate M10/93, a Pro ~Ser substitution at position 194 was observed.
A total of 71 amino acid substitutions were detected among isolates when compared to a consensus sequence (Fig. 2b) . Thirty-nine of the amino acid changes, in different locations along HA 1, were observed among isolates in the Jalisco lineage, while 29 were identified in isolates of the Puebla lineage. Only three common substitutions were observed in isolates from both lineages with respect to the consensus sequence. The positions of amino acid substitutions in the HA 1-specific region for the Jalisco and Puebla lineage isolates are indicated in conic representations of a-carbon tracings of the H5 subtype virus HA monomer (Fig. 4 a) . In the Jalisco lineage, most substitutions (23 of 39) were located in the membrane distal globular head of HA 1, while in the Puebla lineage most (18 of 29) were found in the stem domain of HA r Fig. 4 (b) illustrates the distribution of various categories of amino acid changes observed in all 18 isolates. There were no apparent structure-related patterns in any category of substitutions. Acidic *--* basic, polar ~ apolar and hydrophobic hydrophilic residue exchanges all occurred at several sites along the HA 1. Twenty-eight of the changes were conserved substitutions involving amino acids of the same category.
Using computer modelling (Perdue et al., 1995b) 
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Gln-Ser-Gly), and the right side at amino acids 129 to 134 (SerGly-Val-Ser-Ser). The bottom of the pocket occurs at Tyr-91 and Trp-149 with the rear comprised of . The position of the receptor-binding pocket is indicated in Fig.  4(a, b) . The proposed receptor-binding site and closely neighbouring amino acids are perfectly conserved among all Mexican isolates examined to date (Fig. 2 b) .
Comparison of recent H5 cleavage sequences
In Table 3 a consensus nucleotide sequence surrounding the cleavage site for the nHP and HP Mexican isolates is compared to published sequences of other recent H5 strains. One difference between the nHP and HP strains is the substitution of a G ~ A at position 970 of the HA 1 subunit gene, which results in a Glu ~ Lys substitution at amino acid position 324 of the protein. The additional six bases which result in the insertion of the arginine and lysine are most likely a duplication of the information at position 965-970 in the coding strand after the G ~ A transition occurs in the nHP strains. This substitution is found in some non-pathogenic strains (Table 3) and may be a precursor to insertion of the six bases (Perdue et al., 1996) .
Computer-assisted RNA secondary structure analysis suggests a mechanism of insertion
The predicted RNA secondary structure of the virus genome corresponding to the entire coding sequence of the HA (HA 1 and HA 2) of the J1/94 isolate was folded according to the Zuker algorithm (data not shown). The resulting complex structure had a thermal free energy of -1726"2 kJ in the negative sense and -I617 kJ in the positive sense. In this stable structure, the region encoding the cleavage site occurs in the loop region of a predicted stem-loop arm. This stem-loop occurs whether folding the negative or positive sense sequence and the predicted loop remains stable when the sequence is shortened or otherwise manipulated. When the sequence encompassing this arm is analysed separately from the remainder of the sequence, a hypothetical mechanism emerges by which the sequence at 965-970 could be duplicated. Fig. 5 (a) illustrates a putative secondary structure for a region in the nHP Mexican isolates encompassing the proposed target site for duplication. It is essentially the same stem-loop structure observed when the entire coding sequence is folded (data not shown). After a G ~ A transition at position 970, the structure is predicted to change to that in Fig. 5 (b) . The proposed duplication template at 965-970 is now positioned in a large loop adjacent to two G--C pairs. In this model, when the polymerase copies the sequence, the possibility exists for polymerase halting, strand slippage and re-reading the template upstream. The final putative structure in Fig. 5 (c) illustrates the configuration if the last three uridines synthesized, complementary to adenines 965-967 (Fig. 5 b) , base-paired with template adenines at position 971-973. This would result in the proposed duplication and ultimately the arginine-lysine insertion in the HA protein.
Discussion
This study was undertaken to fully characterize the emergence of HP virus and the molecular variation patterns of the HA 1 subunit during an avian influenza virus outbreak in commercial poultry. We have demonstrated the emergence of two different lineages of HP virus which apparently arose independently during a 15 month period. Unlike the Jalisco lineage, where 13 nHP isolates could have been the possible progenitors to the HP isolate Q1/95, a non-pathogenic progenitor was not found among the isolates analysed for the HP virus of the Puebla lineage.
As previously observed by Rocha et al. (1991) for consecutive isolates of a human HIN1 influenza virus strain, a non-cumulative fixation of mutations in the HA 1 subunit was observed for these presumed consecutive Mexican isolates. The mutation rate for this group of isolates, when calculated with reference to the earliest isolate (MI0/93), is slightly higher than the rate observed by Rocha et al. (1991) for consecutive HIN1 isolates obtained from a single human host (5"8-17 x 10-3). Orthomyxovirus variants probably arise due to the intrinsic error-prone nature of virus RNA polymerases (Steinhauer & Holland, 1986) . Their mutation rates, however, have been shown to be variable depending upon the subtype and gene in question (Parvin et al., 1986; Smith & Palese, 1988; Su~irez et al., 1992) . The above findings clearly indicate that these Mexican H5N2 viruses are undergoing significant, rapid, genetic drift (Webster eta] ., 1982) resulting in multiple, stable, co-circulating variants.
The fundamental structural and functional features of the HA 1 molecule are maintained in all isolates, as indicated by the perfectly conserved cysteines and receptor-binding site rest- (Ferrin et al., 1988) . ( . These uridines will then base-pair with template adenines at position 973-971 to re-transcribe the sequence from 970 to 965, thus generating a duplication of six bases, dues obtained from the deduced amino acid sequences. However, similar to the nucleotide sequences, a mostly noncumulative fixation of amino acid substitutions was observed for the Jalisco lineage isolates. Some substitutions were conserved in the HA 1 of isolates J6/94A, J6/94C, J12/94 and Q1/95, suggesting a progenitor-descendant relationship, but on the whole the patterns were non-cumulative. The majority of amino acid substitutions for the Jalisco lineage isolates occurred at the membrane-distal domain of the HA 1 molecule, where antigenic sites have been identified for H1 and H3 subtypes of human influenza viruses Wilson & Cox, 1990) . We cannot presently explain the significance of the differences observed between the two lineages in the amino acid substitution pattern along the HA r With only four isolates in the Puebla lineage, the significance of the concentration of changes in the stem region is not clear. However, it is interesting that these changes are near an antigenic site identified by Philpott et al. (1990) which may be unique to avian influenza virus HA proteins.
Although we do not rule out the influence of other genes, the acquisition of pathogenicity by avian influenza virus from central Mexico appears to be directly related to two mutational events near the cleavage site. These occurred in isolates of the Puebla lineage as well as in the one HP isolate of the Jalisco lineage (Q 1/95), indicating that they are independent of amino acid differences observed throughout the HA 1 protein between isolates of the two lineages. The role of amino acid changes involved in the elimination or creation of potential glycosylation signals needs to be pursued further, based on the important role that glycosylation changes in the HA molecule play in determining virulence of avian influenza viruses (Deshpande et al., 1987; Philpott et al., 1990; . Bebenek et al. (1989) has demonstrated an in vffro system where base substitutions such as G ~A transitions are introduced by the human immunodeficiency virus type 1 reverse transcriptase enzyme at positions followed by a stretch of bases (AAA) via the mechanism of dislocation mutagenesis, forming a transient extrahelical base in the growing strand. We speculate that during synthesis from the positive-sense replication intermediate, the RNA polymerase introduces a G A transition at position 970 of the HA 1 sequence via a similar mechanism. We predict that the inseffion (AAAGAA) then occurs as a result of strand slippage (Streisinger et al., 1966) and duplication. Strand slippage has also been associated with insertions, which are more likely to occur following a stretch of bases such as AAAA (Bebenek et al., 1989) . Luo et al. (1991) proposed a model where addition of poly(A) to the 3' end of the mRNA of influenza virus occurs as a consequence of virus polymerase halting or stuttering. This happens when the enzyme encounters the conserved terminal panhandle structure adjacent to a uridine stretch on virus RNA. We speculate that polymerase halting, caused by either template ,O secondary structure downstream of the enzyme or a stretch of bases upstream may lead to strand slippage, re-transcription and sequence duplication.
Isolates that have the G ~ A transition at position 970 of the HA 1, but lack the six nucleotide insertion at position 971-976, were not found among the analysed Mexican sequences. Therefore, it is possible that both changes occurred during a single mutational event. However, the HA gene of a (HSN2) ratite-origin isolate (A/emu/Texas/39924/93) of low pathogenicity also had the G -~ A transition at position 970 and lacked the six nucleotide insertion, while a HP derivative of this isolate had the AAAGAA insertion at position 965-970 (Perdue et al., 1996) . This indicates that they are two independent mutational events and that the transition event may lead to the insertion. The hypothetical mechanism outlined in Fig. 5 explains how such events might occur, We have also analysed sequences from an H7 subtype outbreak (Bashiruddin eta] ., I99I) where a duplication/insertion appeared to have occurred. Secondary structure analysis of the RNA places the cleavage site and insertion target site in an exclusively purine loop similar to that in Fig. 5 (b) (data not shown) and the proposed model readily explains how the insertion could occur.
The AAAGAA sequence at the same position detected in the Mexican strains in this study was also previously observed in a HSN1 isolate (Table 3) , A/turkey/England/50-92/91, isolated during an outbreak of HP influenza virus in England (Wood et al., 1994) . It may thus represent the first documentation of the proposed insertional event in natural isolates. Although a progenitor to this English HP virus was not directly demonstrated, preceding nHP isolates with very similar cleavage site sequences as the nHP Mexican HSN2 isolates in this study were present (Wood et al., 1993;  Table 3 ).
The direct relationship observed in this study between an increase in cleavability of the HA, lethality in birds and the acquisition of the six nucleotide insertion points to the importance of this mutational event. Studies are in progress to determine if the insertion event can be reproduced in an in vitro system and if its occurrence depends on base composition and/or RNA secondary structure of the template.
Note added in proof. Following submission of this report, Horimoto et al. (Virology 213, [223] [224] [225] [226] [227] [228] [229] [230] I995) published an analysis of the amino acids at the cleavage site of some of the same isolates from Mexico. However, no nucleotide sequences or sequence database accession numbers were provided for comparison with data in this report.
